We demonstrate the resonant-like behaviour of the cardiopulmonary system in healthy people occurring at the natural low frequency oscillations of 0.1 Hz, which are often visible in the continuous pressure waveform. These oscillations represent the spontaneous oscillatory activity of the vasomotor centre and are sometimes called the Mayer waves. These 10-second rhythms probably couple with forced breathing at the same frequency and cause the observed cardiopulmonary resonance phenomenon. We develop a new method to study this phenomenon, namely the averaged Lomb-Scargle periodogram method, which is shown to be very effective in enhancing common frequencies in a group of different time series and suppressing those which vary between datasets. Using this method we show that in cardiopulmonary resonance the cardiopulmonary system behaves in a very similar way to a simple mechanical or electrical oscillator, i.e. becomes highly regular and its averaged spectrum exhibits a clear dominant peak and harmonics. If the forcing frequency is higher than 0.1 Hz, the total power and the share of power in the dominant peak and harmonics are lower and the prominence of the dominant peak and its harmonics greatly diminishes. It is shown that the power contributions from different forcing frequencies follow the resonance curve.
Introduction
The processes in the human body are very often of an oscillatory nature. Some examples include the heart action driven by a periodic electrical impulse from the sinus node, brain activity in which certain oscillatory patterns can be discerned (e.g. rhythmic activity between 8-12 Hz called the α waves) or circadian rhythms of heart rhythm, blood pressure, hormonal activity and so forth. The nature of these oscillations is very different: from the electrical properties of cardiac pacemaker cells to the interplay of vagal and sympathetic mechanisms, to hormonal interactions, to external causes like the day-night cycles or even monthly or yearly cycles.
All these oscillations may be visible in the RR-intervals (the time interval between consecutive R waves in the electrocardiogram) time series [1] . In forced breathing, the breathing frequency (forcing frequency) clearly dominates all other oscillations [2, 3] . If the forcing frequency is close to 0.1 Hz the system appears to be the most regular, so the existence of the phenomenon of cardiopulmonary resonance was postulated in [2, 3] . In the present paper we develop a novel technique -the averaged Lomb-Scargle periodogram -for studying the effects of forced breathing on the RR time series and show that it is especially suited for the cardiopulmonary resonance phenomenon as it enhances frequencies common to a group of time series. Using this technique we clearly demonstrate the existence of cardiopulmonary resonance and study some of its properties. Following [2] and using our technique, we also relate this physiological phenomenon to simple mechanical and electrical systems by fitting a forced-damped oscillator to the averaged over the studied sample power of the time series. However, in our approach we assume the form of the oscillator and try to establish whether the behaviour of the complex physiological system may be reduced to a simple mechanical or electrical oscillator.
Low frequency (LF) oscillations around 0.1 Hz are commonly found in the spectral analysis of RR intervals, blood pressure, or muscle sympathetic nerve activity. Theories suggest that 0.1 Hz cardiovascular oscillations might originate from various mechanisms, including endogenous central rhythms, negative-feedback system engagement, or spontaneous vascular rhythms [3, 4] . Cardiopulmonary resonance happens when an external forcing frequency couples with the natural frequency 0.1 Hz.
In our study 15 subjects breathed for five minutes at constant rates of 6, 9, 12 and 15 breaths/minute and additionally at each subject's natural (spontaneous) breathing frequency. Slower breathing was not used since it was difficult for the subjects to maintain the breathing pace. It turned out that if the breathing frequency was equal to the 0.1 Hz described above, the cardiopulmonary system changed its properties. The 6 breaths/minute case exhibits many qualities of resonance known from physics and mathematics, namely that a big part of the variance is concentrated around the forcing frequency and its harmonics (which are present because the forcing is periodic but not sinusoidal), the harmonics themselves are clearly visible and the overall power of the system is much greater than the power at other frequencies. Furthermore, the powers attributed to the forcing frequencies seem to follow the resonance curve, with the resonance frequency at 0.1 Hz.
Since the studied system is biological, the above effects are hidden in noise and not clearly visible.The method of averaged Lomb-Scargle periodogram (ALSP) aims at amplifying the common spectral characteristics while reducing the influence of noise and the subject-to-subject variability. This is achieved by normalising individual periodograms for each analysed time series and averaging them over the studied population. The introduction of this technique for studying cardiopulmonary resonance is the main goal of this paper.
Averaged Lomb-Scargle periodogram
The Lomb-Scargle periodogram is an improvement on the least squares spectral analysis, which is particularly suitable to time series with long gaps between samples and for unevenly sampled time series [5, 6] . The mean-subtracted, normalised periodogram is defined by [7, 8] :
where N is the length of the time series,¯ is its mean ( ), σ 2 is the variance (we redefine this parameter -see below) and τ( ) is a frequency dependent time delay which makes the periodogram time-shift invariant [7, 8] :
In the case of the RR time series, the time series datapoints ( ) are defined as the time distances between the R waves of successive QRS complexes. So, the following time series is analysed:
where is the position of the + 1 QRS complex. As described in [9] , the method of Lomb-Scargle periodogram is very efficient in calculating the sample spectrum of the RR time series, as in this series one has to deal with uneven sampling intervals and long gaps due to the beats of non-sinus origin, which have to be excluded from the analysis. Other approaches to estimating the periodogram of the RR intervals time series include the Fast Fourier Transform method, the Autoregressive methods, or the simple correlations method. All of them require resampling, which transforms the time series into anotherthe Lomb-Scargle periodogram method uses the original data. The potential of averaging the Lomb-Scargle periodogram has been explored for example in [8] , where the authors suggest averaging (after de-normalisation) Lomb-Scargle periodograms obtained from a number of equal-length segments of a single time series so as to obtain a periodogram with better statistical properties. In doing so, the authors follow the well-known Welch method for estimating the periodogram and show that this procedure applied to the Lomb-Scargle periodogram yields correct results which are an improvement over the non-averaged periodogram for the same series. As will be shown below, our method is technically similar to the one described above, but there are substantial differences in the mathematical properties and the interpretation of the resulting averaged periodogram.
To produce the averaged Lomb-Scargle periodogram we calculate the Lomb-Scargle periodogram for each time series (1), but rather than using the total variance σ 2 as the normalisation factor we only use the power in the frequency band [0.04-0.4 Hz], which is considered to be physiologically interpretable [1] (in the figures we show the whole calculated spectrum, though). Thus we define
where A is the amplitude of the sinusoid corresponding to frequency , to be used with the periodogram definition (1).
Then the periodograms calculated for each electrocardiogram (ECG) are averaged
where M is the number of studied ECGs and P X ( ) is the Lomb-Scargle periodogram for the -th ECG. This averaged periodogram can be interpreted as the average contribution of a frequency band to the [0.04, 0.4 Hz] spectrum. If in all the analysed time series there are frequencies whose behaviour is the same or very similar in all recordings (i.e. some frequencies have consistently high or low contributions to the total power) then they should be noticeable in (5), as they will be the least affected by the averaging process. The frequencies whose contributions vary across the studied samples should average out. The approach used in this paper is different from that presented in [8] mainly because we average over different time series corresponding to the ECGs of M different people, rather than segments of equal lengths of the same time series. The technical aspects of the method presented here are thus similar to the ones presented in [8] , but the interpretation changes. Obviously, we can no longer talk about estimating a periodogram, since there is no mathematical object which could correspond to an average of periodograms from a few periodograms from totally different time series. For the same reason it is impossible to study the statistical properties of the averaged LombScargle periodogram presented here -the only possible interpretation seems to be the one given above, namely that it is the average of the contributions to variance from various frequency bands. We have tried using other techniques for calculating the RR time series periodogram, namely the Fast Fourier
Transform and the Autoregressive modelling. However, in neither method were the results as compelling as those obtained by the described above ALSP. In those methods, the peaks at forced frequencies were not as narrow as for ALSP and the higher harmonics were not visible (see below).
Data analysis
ECG signals (sampling frequency of 1600 Hz; A/D converter Porti 5, TMSI, The Netherlands) were recorded noninvasively in 15 young healthy volunteers (19 -25 years old; 7 females) breathing for 5 minutes at 4 different respiratory rates of 6, 9, 12, and 15 breaths/minute. Additionally, 5 minutes of rest ECG with spontaneous breathing frequency was also recorded for each subject. The ALSP was calculated and drawn for each forcing frequency. To show how variance is distributed in the ALSPs we calculated the contribution of the dominant peaks and harmonics by integrating the peaks at the forcing frequencies and their integer multiples over a 0.02 Hz interval centred at the above frequencies (e.g. the [0.09, 0.11] interval for 0.1 Hz). Additionally, to show the natural, physiological 10-second rhythm (0.1 Hz) we calculated and drew the ALSP for an additional group of five-minute ECG recordings from 50 subjects (19-30 years old; 37 females) who breathed spontaneously at their natural pace. This ALSP is presented in Fig. 2 . These recordings are only used to show the natural 0.1 Hz frequency -they are not used in the numerical analysis of resonance.
Results
The most noticeable result of the present study is the graph of the ALSP itself for the cases of forced breathing (Fig. 3, panels a, b, c, d ) as well as the spontaneous breathing (Fig. 2) . The forced cases have very clear peaks at the forcing frequencies, and there is a clear maximum at 0.1 for the spontaneous case. This means that the ALSP technique is able to amplify a frequency that is common to all the recordings under consideration.
The ALSP at 6 breaths/minute reveals a clear dominant peak and the harmonics are also clearly visible (compare Fig. 3, panel a) . At 9 and 12 breaths/minute only the dominant peaks are clearly visible, and the harmonics are much weaker (Fig. 3, panels b, c) . The 15 breaths/minute case has no harmonic frequencies in the physiological band [0.04-0.4 Hz], the peak at the forcing frequency, however, is clearly visible (Fig. 3, panel d) . Panels a, b, c, d of Fig. 3 show that the dominant peak for the case of 6 breaths/minute is much higher than those which can be observed for the other breathing frequencies. Also, the harmonics are much more pronounced in the 0.1 Hz case than in the remaining cases -it is thus clear that much more power is concentrated around the dominant peak and the harmonics in the first case than in the remaining ones. This can be also shown numerically. The contributions of the dominant peak and its harmonics in the 6, 9, 12 and 15 breaths/minute to the whole ALSP can be calculated by integration as explained in the Data analysis section. The results are 62%, 42%, 31% and 20%,
respectively. This shows that at the resonant frequency of 0.1 Hz the variance is concentrated around the forcing frequency and its harmonics, and the concentration is much weaker at the other breathing frequencies.
In a mechanical or electrical system in resonance more energy is accumulated in a time unit than in a non-resonant case, and the power should grow the closer the forcing frequency gets to the resonant frequency. We can observe an analogous phenomenon in the present study. The mean power for all the subjects in the [0.04-0.4 Hz] band was (mean ± SEM): 7931 ± 1134 ms 2 for 6 breaths/minute and 5675±986 ms 2 for 9 breaths/minute, 5011 ±646 ms 2 for 12 breaths/minute, 4245 ± 551 ms 2 for 15 breaths/minute. For comparison, the natural breathing yields the average total power of 4186 ± 868 ms 2 . The mean total power grows in the same way as the contribution to total power from the forcing frequencies with increasing breathing frequency.
Resonance curve for cardiopulmonary resonance
The analogy between the behaviour of the cardiopulmonary system in forced breathing and simple mechanical or electric oscillations can be taken further, as shown in [2] . In the present section we try and find parameters of a simple forced-damped oscillator which could generate a similar behaviour to that studied in the previous section. In this way we stress the similarities between the complex cardiopulmonary system in forced breathing and the simple mechanical system. Of course we do not suggest that this simplistic system could model the cardiopulmonary system in the general case. Let us assume that the powers in the frequency bands reported above are squares of amplitudes of an actual damped and forced oscillator. The results obtained for frequencies below 0.1 Hz, which can be found in [2] , allow us to assume that the resonance curve for this case has the usual form. From the visual inspection of the data it is clear that the damping factor is comparable to the resonance frequency, so the damping is strong. Consequently, we use the full form of the formula for the square of the amplitude, rather than the approximate, Lorentz form:
where γ is the half-width of the curve and F is a proportionality constant. Assuming common resonant frequency 0 = 0 1 Hz (in [2] the resonant frequency was fitted to each analysed RR time series) and attributing all the variance contribution connected with the forcing frequency and its harmonics to the forcing frequency alone we use the nonlinear least squares by the Levenberg-Marquardt algorithm [7] to fit this curve to the data. We get γ = 0 1787 Hz and As can be seen, the resonance curve fits the data well and the residuals are within the standard error of the mean calculated from the data. There are very few points and all of them are only on one side of the resonant frequency, however, we did require the resonance to be at a specific point which makes it much more difficult for the Levenberg-Marquardt algorithm to achieve convergence and fit the SEMs.
One reason for the width of the resonance curve could be that the damping is not linear with respect to the rate of change of the RR intervals. This is in agreement with the recent discovery of Heart Rate Asymmetry phenomenon which may be caused by the fact that decelerations of heart rate are favoured, and accelerations are suppressed [10] .
These results show that the analogy between the cardiopulmonary system in forced breathing and simple mechanical or electrical systems is justified. To study the resonance curve for this case in detail more data is needed.
It is worth noting, that although we fit the forced-damped oscillator to the data, our approach is very different from that presented in [2] . In the present paper our starting point is the share of variance concentrated around the forcing frequencies obtained from the ALSP calculated for the studied group as a whole. In [2] the authors successfully fitted the forced-damped oscillator to each individual time series. The fact that the two different approaches agree shows that the phenomenon of cardiopulmonary resonance is real and is not a result of data manipulation.
Conclusions
In the present paper we have introduced a new method of demonstrating and studying the phenomenon of cardiopulmonary resonance, i.e. the coupling of the paced breathing frequency with the natural LF oscillations at 0.1 Hz. The method of averaged Lomb-Scargle periodogram lets us find common frequencies in a group of RR intervals time series and enhance their properties, while suppressing the influence of noise and subject-to-subject variability. For example, the ALSP for the group of naturally breathing subjects has a clear maximum in the vicinity of 0.1 Hz (Fig. 2) which shows that the natural 10-second rhythm is present and can also be observed with the ALSP even if the breathing frequency is variable and very different from 0.1 Hz.
By using ALSP we have demonstrated that the 6 breaths/minute case exhibits many of the properties of mechanical or electrical resonance. There is much more power in the averaged spectrum for this case than for the other cases of forced breathing, the main peak and the first harmonic are much more prominent for 0.1 Hz than for the other cases. The share of power concentrated around the dominant peak and the harmonics is biggest for the 0.1 Hz frequency and it decreases as the forcing frequency gets further from the resonant frequency. The distribution of the contributions from the forcing frequencies to total variance is consistent with the Lorentz resonance curve.
Other methods for studying cardiopulmonary resonance were presented in e.g. [2, 3] . We believe that our method has some properties which are absent from the other methods, for example the ability to clearly show the regularisation of the RR time series in forced breathing (the very sharp peaks and harmonics in Fig. 3 ) by a spectral method and the change in variance distribution in forced breathing between resonant and non-resonant frequencies, described above.
Since the aim of this paper was to present the method of averaged Lomb-Scargle periodogram for investigating cardiopulmonary resonance at 0.1 Hz we will not discuss the mechanisms behind this phenomenon. An extensive discussion of this problem in a broader context can be found in [2, 3, 11] .
Both the effect described in the paper and the methods used to study it may be important in the study of the cardiopulmonary system. For example, the states of deep meditation whose condition is slow breathing or cardiovascular and cardiopulmonary changes during different sleep phases may be studied and better understood with the results presented here. They may also provide a testing ground for various heart rate variability methods since there is a strong decoupling of one oscilla-tion which results in the whole system being dominated by this oscillation. This makes it possible to study the variance based methods (like SDNN 2 , the Fourier spectrum, wavelet methods etc.) and complexity based methods (various kinds of entropy, correlation dimension, counting methods) in a very special context of highly regular physiological signal (i.e. RR time series in resonance). We are not aware of any other situation when this happens in a healthy human body without an invasive medical intervention. The results presented in this paper open up many possibilities for further analytical, physiological and clinical research.
